We present the USC Speech and Vocal Tract Morphology MRI Database, a 17-speaker magnetic resonance imaging database for speech research. The database consists of real-time magnetic resonance images (rtMRI) of dynamic vocal tract shaping, denoised audio recorded simultaneously with rtMRI, and 3D volumetric MRI of vocal tract shapes during sustained speech sounds. We acquired 2D real-time MRI of vocal tract shaping during consonant-vowel-consonant sequences, vowelconsonant-vowel sequences, read passages, and spontaneous speech. We acquired 3D volumetric MRI of the full set of vowels and continuant consonants of American English. Each 3D volumetric MRI was acquired in one 7-second scan in which the participant sustained the sound. This is the first database to combine rtMRI of dynamic vocal tract shaping and 3D volumetric MRI of the entire vocal tract. The database provides a unique resource with which to examine the relationship between vocal tract morphology and vocal tract function. The USC Speech and Vocal Tract Morphology MRI Database is provided free for research use at
Introduction
The articulatory speech data-sets that are readily available to the research community have been consistently well-utilized in pursuit of addressing fundamental questions about speech production [1, 2, 3] . Until relatively recently, speech articulatory data had been difficult to obtain and generally lacking. A growing number of resources has begun to reverse this problem, but many still tend to focus on targeted laboratory speech (e.g., simple syllables or isolated phonemes) or only on read speech. Here, we present the USC Speech and Vocal Tract Morphology MRI Database, a new database for the community that captures a wide variety of dynamic speech tasks in conjunction with detailed structural parameters and also non-speech articulations, all with an eye toward understanding and explaining speech and speaker variability.
Magnetic resonance imaging (MRI) is a flexible technology for speech research. Rapid imaging methods have achieved a balance among the competing factors of temporal resolution, spatial resolution, and signal-to-noise ratio that allows for flexible characterization of vocal tract morphology and function using a suite of complementary MRI methods [4, 5] Each speaker participated in two sessions on different days. One session was for acquiring rtMRI data-sets; the other session was for acquiring 3D volumetric MRI data-sets. The experimenter explained the nature of the experiment and the experiment protocol to the participant before each scan. The participant lay on the scanner table in a supine position. The head was fixed in place by foam pads inserted between each temple and the receiver coil. The participant read visual stimuli from a back-projection screen from inside the scanner bore without moving the head. The speech corpus captured 3D MRI of sustained continuant sounds (see Table 2 ) and rtMRI videos of iso- lated consonant-vowel-consonant utterances, vowel-consonantvowel utterances, passages (neutral, fast, clear, whispered, yelling), and spontaneous speech (see Table 3 ). After completing a session, the participant was paid for their participation in the study. The USC Institutional Review Board approved the data collection procedures.
3D volumetric MRI acquisition
The 3D volumetric MRI sequence captured the 3D volume of the upper airway in 7 s [7, 8] . Participants did not report experiencing difficulty sustaining the continuant phonemes of English for 7 s. Data were acquired on a 3.0 T Signa Excite HD MRI scanner (GE Healthcare, Waukesha, WI) with gradients capable of 40 mT/m amplitudes and 150 mT/m/ms slew rates. A body coil was used for RF transmission, and an 8-channel neurovascular array coil was used for signal reception. Only the 4 superior elements were used for reconstruction. The vocal tract region of interest (ROI) was imaged using a midsagittal slice with 8 cm thickness in the right-left (R-L) direction. The readout direction was superior-inferior (S-I), and the phase encode directions were anterior-posterior (A-P) and right-left (R-L). A gradient echo (GRE) sequence was used with TE=2.3 ms, TR=4.7 ms, 10°flip angle, ±125 kHz receiver bandwidth (4 µs sampling rate), NEX=1, 1.33 mm × 1.33 mm × 1.33 mm spatial resolution, and 20 cm × 24 cm × 8 cm FOV. Additional technical specifications for the 3D volumetric MRI acquisition and reconstruction are reported in [8] . 
Real-time MRI acquisition
Data were acquired on a Signa Excite HD 1.5 T scanner (GE Healthcare, Waukesha WI) with gradients capable of 40 mT/m amplitude and 150 mT/m/ms slew rate. A body coil was used for radio frequency (RF) signal transmission. A custom upper airway receiver coil array was used for RF signal reception. This 4-channel array included two anterior coil elements and two coil elements posterior to the head and neck. Only the two anterior coils were used for data acquisition because the posterior coils of this hardware were shown to result in aliasing artifacts. The rtMRI acquisition protocol was based on a spiral fast gradient echo sequence. Thirteen interleaved spirals together formed a single image. Each spiral was acquired over 6.164 ms (repetition time, TR, which includes slice excitation, readout, and gradient spoiler), and thus every image comprises information spanning 13 × 6.164 = 80.132 ms. A sliding window technique was used to allow for view sharing and thus to increase frame rate [9, 10] . The TR-increment for view sharing was 7 acquisitions, which resulted in the generation of an MRI video with frame rate 1/(7 × TR) = 1/(7 × 6.164 ms) = 23.18 frames/s. The imaging sequence had 15°flip angle, ±125 kHz receiver bandwidth, one 5 mm midsagittal slice, 2.9 mm 2 /pixel in-plane spatial resolution, and 200 mm × 200 mm FOV. Scan plane localization of the midsagittal slice was performed using RTHawk (HeartVista, Inc., Los Altos, CA), a custom real-time imaging platform [11] . Additional technical specifications for the rtMRI acquisition and reconstruction were reported in [3] . Figure 2 exemplifies the rtMRI videos for three vowel-consonant-vowel sequences from a single speaker.
Audio acquisition
Audio was recorded concurrently with MRI acquisition at a sampling frequency of 100 kHz inside the MRI scanner bore using a fiber-optic microphone (Optoacoustics Ltd., Moshav Mazor, Israel) and a custom recording and synchronization setup [12] . Synchronization with the video signal was controlled through the use of an audio sample clock derived from the scanner's 10 MHz master clock and triggered using the scanner RF master-exciter unblank signal. A post-processing step down-sampled the audio to 20 kHz and enhanced the recorded speech using customized de-noising methods (see [12] for more detail). This attenuated the loud scanner noise in the audio recording.
Potential research and development use
As Figure 1 illustrates, speakers have diverse vocal tract morphology, which can bring about uniquely individual speech patterns. Differences in craniofacial morphology (often osteological) have long been measured for the purpose of understanding their clinical significance with regard to, for instance, mastication [13, 14] , swallowing [15] , sleep apnea [16] , and development patterns [17] . A growing body of work has looked at the significance of morphological variation to speech production. Previous work with other MRI data-sets has studied speechrelevant structural diversity displayed in terms of the size, shape and relative proportions of the hard palate and posterior pharyngeal wall, aiming to characterize such differences [18] , and also to examine how they relate to speaker-specific articulatory and acoustic patterns [19] , and to explore the possibility of predicting them automatically from the acoustic signal [20] . Our initial motivation for developing the USC Speech and Vocal Tract Morphology MRI Database was to study how individual differences in vocal tract morphology are reflected in the acoustic speech signal and what articulatory strategies are adopted in the presence of morphological differences to produce speech sounds. The USC Speech and Vocal Tract Morphology MRI Database has already been used to quantify differences among speakers in how much individual articulators (e.g., jaw versus tongue, jaw versus lips) contribute to linguistically relevant constrictions in the vocal tract [21] and to examine the acoustic effects of the shaping of the epilarynx across speakers [22] . Such studies underscore the potential of the database to help illuminate how and to what degree vocal tract morphology may shape speech articulation and speech signal properties within and across talkers. 
Author contributions
When the sunlight strikes raindrops in the air, they act as a prism and form a rainbow. The rainbow is a division of white light into many beautiful colors. These take the shape of a long, round arch, with its path high above, and its two ends apparently beyond the horizon. There is, according to legend, a boiling pot of gold at one end. People look, but no one ever finds it. When a man looks for something beyond his reach, his friends say he is looking for the pot of gold at the end of the rainbow.
Grandfather Passage
You wish to know all about my grandfather. Well, he is nearly 93 years old, yet he still thinks as swiftly as ever. He dresses himself in an old black frock coat, usually several buttons missing. A long beard clings to his chin, giving those who observe him a pronounced feeling of the utmost respect. When he speaks, his voice is just a bit cracked and quivers a bit. Twice each day, he plays skillfully and with zest upon a small organ. Except in the winter, when the snow or ice prevents, he slowly takes a short walk in the open air each day. We have often urged him to walk more and smoke less, but he always answers, "Banana oil!" Grandfather likes to be modern in his language.
North Wind and the Sun Passage
The North Wind and the Sun were disputing which was the stronger when a traveler came along, wrapped in a warm cloak. They agreed that the one who first succeeded in making the traveler take his cloak off should be considered stronger than the other. Then the North Wind blew as hard as he could, but the more he blew, the more closely did the traveler pull his cloak around him, and at last the North Wind gave up the attempt. Then the Sun shone out warmly, and immediately the traveler took off his cloak, and so the North Wind was obliged to confess that the Sun was the stronger of the two.
2 sentences She had your dark suit in greasy wash water all year. Don't ask me to carry an oily rag like that. The girl was thirsty and drank some juice, followed by a coke. 
